Aberrant activation of EGFR represents a common event in non-small cell lung carcinoma (NSCLC) and activates various downstream signaling pathways. While EGFR activation of β-catenin signaling was previously reported, the mediating mechanism remains unclear. Our current study found that EGFR activation in NSCLC cells releases SHC-binging protein 1 (SHCBP1) from SHC adaptor protein 1 (SHC1), which subsequently translocates into the nucleus and directly promotes the transactivating activity of β-catenin, consequently resulting in development of NSCLC cell stemness and malignant progression. Furthermore, SHCBP1 promotes β-catenin activity through enhancing the CBP/β-catenin interaction, and most interestingly, a candidate drug that blocks the CBP/β-catenin binding effectively abrogates the aforementioned biological effects of SHCBP1. Clinically, SHCBP1 level in NSCLC tumors was found to inversely correlate with patient survival. Together, our study establishes a novel convergence between EGFR and β-catenin pathways and highlights a potential significance of SHCBP1 as a prognostic biomarker and a therapeutic target.
Introduction
Lung cancer is the most commonly diagnosed cancer type and a leading cause of cancer death globally. Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases. Despite the availability of surgical therapy, radiotherapy, and chemotherapy, prognosis of NSCLC is still poor with overall five-year survival rate being as low as 15%, mainly due to development of resistance to chemo-and radiotherapy, postoperative recurrence and early metastasis [1] [2] [3] [4] [5] [6] . Even though molecular targeted therapeutic drugs, e.g. EGFR tyrosine kinase inhibitors (TKIs), have shown encouraging efficacies on NSCLC patients in recent years, the vast majority of NSCLC patients who are initially sensitive to TKIs acquire TKI resistance and undergo relapse, metastasis, or other progressions ultimately [7, 8] .
Cancer stem cells (CSCs) are subpopulations of malignant cells that possess the abilities to self-renew and differentiate within a tumor [9] . The biological properties of CSCs have been linked to tumor resistance to chemotherapy and radiation, post-treatment recurrence, and metastasis, and presumably, specific, effective CSC targeting strategies might suppress cancer relapse [10, 11] . Notably, while the molecular mechanism via which cancer cells acquire stemness and the acquired stemness is maintained remains to be understood, Wnt/β-catenin signaling has been evidently associated with the development of cellular stemness in both cancer and benign tissues [12, 13] . Canonically, activation of the Wnt/β-catenin pathway is initiated by binding of Wnt ligands to their transmembrane receptors, followed by sequestration of β-catenin in the cytoplasm away from the destined destruction complex so that β-catenin can enter the nucleus and activate transcription of its target genes, many of which have been found to contribute to the development of cellular stemess [14] . Of note, activation of β-catenin signaling has been well demonstrated in various cancer types, most of which is attributable to gene alterations of the key components of β-catenin signaling. Typically, in colorectal tumors, the vast majority (80-90%) of clinical cases contain frameshift or truncating mutations in APC, resulting in the loss of ability to binding β-catenin [15] . Mutations of AXIN, which also lead to disruption of the destruction complex, have been identified likewise. In addition, mutations of β-catenin phosphorylation sites and consequent abrogation of β-catenin phosphorylation have been found in melanoma, which leads to β-catenin accumulation in the nucleus and transcription activation of its target genes [16, 17] . In such a context, of great interest is the fact that while enhanced nuclear localization of β-catenin has been observed in NSCLC [18] and hyperactive Wnt/ β-catenin signaling is associated with increased drug resistance and distant metastasis of NSCLC [19] , the aforementioned mutations are rare in NSCLC [20] . Hence, the molecular mechanisms underlying the activation of the prostemness β-catenin signaling in NSCLC remain to be investigated.
Of note, activating mutations of EGFR are common in NSCLC. Previous reports have shown a positive correlation between the presence of activating EGFR mutations and activation of β-catenin signaling in NSCLC [21] , and the convergences between these two pathways have been indicated at multiple subcellular levels [21] [22] [23] [24] [25] . Notably, EGFR signaling reportedly increases cytoplasmic accumulation of β-catenin and nuclear translocation by either promoting release of β-catenin from the cytoplasmic membrane or disrupting the β-catenin destruction complex [24] [25] [26] [27] [28] [29] . In the meantime though, while one study reported that in U87 glioma cells EGF induced tyrosine phosphorylation of nuclear β-catenin and increased β-catenin transcription activity, little is known about the intranuclear mechanisms via which β-catenin activity is regulated by EGF-EGFR signaling.
In our present study, we show for the first time that SHCbinging protein 1 (SHCBP1), a unique protein specifically bound to the SHC1 SH2 domain and previously reported to disassociate from SHC adaptor protein 1 (SHC1) in response to EGF stimulation, mediates EGF-induced activation of β-catenin signaling in NSCLC cells. In response to EGF stimulation, SHCBP1 translocates to the nucleus, promotes interaction between β-catenin and CBP, activates β-catenin driven transcription, and enhances development of stem cell-like properties of NSCLC. These results indicate a novel convergence of the EGFR and β-catenin signaling pathways in the nucleus through nuclear SHCBP1. We also have identified that SHCBP1 may be indispensable for the stem cell-like phenotype driven by EGF-β-catenin signaling and is up-regulated in NSCLC and other cancers in a manner correlated with unfavorable clinical prognosis of the disease.
Results

SHCBP1 mediates EGF activation of β-catenin signaling in NSCLC
The previous finding that EGFR signaling could activate canonical Wnt/β-catenin pathways in cancer prompted us to further investigate the mechanism underlying such a crosstalk [21, 22, 25, 30] . To this goal, we began our study by examining and confirming that β-catenin could translocate to the nucleus when NSCLC cells were stimulated by EGF (Fig. 1a) . Moreover, our results of TOP/FOP dualluciferase reporter assay and expression assessment of downstream target genes verified that EGF indeed was able to activate β-catenin signaling (Fig. 1b, c) [24, 26] . Further mechanistic study was performed by immunoprecipitating (IP) FLAG-β-catenin in 293T cells extracted following EGF treatment, followed by Coomassie blue staining and mass spectrometry (MS) to identify binding partners for β-catenin. As shown in Fig. 1d , several binding partners of β-catenin have been identified, among which NONO and PARP have been found to bind β-catenin in consistence with previous reports [31, 32] . To evaluate the significance of these binding partners in EGF-activated β-catenin signaling, specific siRNA silencing of each identified binding partner was performed, and we found that only depletion of SHCBP1 markedly inhibited EGF-induced β-catenin transactivation and upregulation of the downstream genes (Fig.  1e, f and Supplementary Figs.1a-c) . Notably, the interaction between SHCBP1 and β-catenin in response to EGF stimulation was verified through co-IP and western blot assays (Fig. 1g) , and the specificity of such an interaction was further ascertained by modified peptide pulldown assays using FLAG-β-catenin protein purified from 293T extracts, followed by an immunoblotting assay with HA-tagged SHCBP1 antibody (Fig. 1h) . Moreover, the interaction between SHCBP1 and β-catenin was markedly enhanced by EGF as evidenced by IP assay (Fig. 1i) . To identify the SHCBP1 domain key to its binding with β-catenin, FLAG-tagged serially truncated SHCBP1 constructs and HA-β-catenin were co-transfected in 293T. An N terminal amino-acid sequence (1-428) in SHCBP1 was found to be pivotal for its interaction with β-catenin (Fig.  1j ).
SHCBP1 translocates to the nucleus in response to EGF stimulation
The specific role of SHCBP1 in EGF-stimulated activation of β-catenin signaling needed to be further understood. In consistence with a previous report demonstrating that EGF triggers disassociation of SHCBP1 from adaptor protein SHC1 [33] , our results showed that EGF stimulation leads to remarkable departure of SHCBP1 from SHC1 in 293T cells (Fig. 2a) , and that nuclear SHCBP1 was concurrently increased (Fig. 2b-d) , which could not be ascribed to expression alteration because EGF stimulation does not increase SHCBP1 expression (Fig. 2e) . Of note, we also observed such an EGF-induced SHCBP1 dissociation from SHC1 and nuclear translocation without change of SHCBP1 expression in the A549 NSCLC cell lines as well (Fig. 2a, c-e), and no correlation between EGFR mutation and SHCBP1 expression could be found in The Cancer Genome Atlas (TCGA) dataset (http://cancergenome.nih.gov/) (Fig.   2f) . Interestingly, the findings that nuclear translocation of SHCBP1 by EGF was also observed in cancer cell lines derived from liver, breast, and esophageal carcinomas (Fig.  2g) , suggesting a possible generalizability of this biological event among different types of cancers. Furthermore, such an accumulation of SHCBP1 in the nucleus could be further enhanced by knocking down endogenous SHC1 (Fig. 2h) , strongly supporting the notion that SHCBP1 indeed can be released from its complex with SHC1 and translocates to the nucleus. Since SHCBP1 changed neither the half-life of SHC1 ( Supplementary Figs. 2a, b) nor the activities of the signaling pathways downstream to SHC1, i.e., the Ras/Erk and PI3K/Akt pathways, as evidenced by unaltered phosphorylation levels of ERK and Akt ( Supplementary Fig.  2c ), we postulated that SHCBP1 does not influence the stability and downstream signaling of SHC1. Together with the finding that the enhanced nuclear translocation of SHCBP1 was not impeded by Ras/Erk or PI3K/Akt inhibitors ( Fig. 2i and Supplementary Figs. 2d, e), our data suggest that the nuclear translocation of SHCBP1 following EGF stimulation was an independent event neither affecting the quantity and regulation of SHC1 nor being affected by the canonical downstream signaling of SHC1. Notably, in two NSCLC cell lines carrying activating mutation of EGFR, HCC827, and HCC4006, we also found that the EGF-induced nuclear translocation of SHCBP1 could be blocked by pre-incubation with the EGFR TKI gefitinib (Fig. 2j) , indicating that the above described events occurred in an EGFR tyrosine kinase-dependent manner. Taken together, our current data suggest that EGF stimulation can cause SHCBP1 redistribution to the nucleus.
Nuclear SHCBP1 facilitates the binding between β-catenin and CBP and is required for EGF-induced β-catenin transactivation
To explore how SHCBP1 mediates EGF activation of β-catenin signaling, the effects of EGFR activity on SHCBP1/ β-catenin binding were examined, and we found that EGF stimulation of EGFR in 293T or A549 cells increased SHCBP1-binding β-catenin in the nuclear extraction, while TKI treatment in HCC827 or HCC4006 NSCLC cells revealed the opposite effects (Fig. 3a, b and Supplementary  Fig. 3a, b) , indicating that EGFR activation indeed promotes an interaction between SHCBP1 and β-catenin. Based on this notion, we further asked whether SHCBP1 regulates β-catenin transactivation by mediating nuclear β-catenin accumulation or alternatively, post-translational modification of β-catenin, as transactivation output of β-catenin can be ascribed to these two mechanisms [34] . Our results showed that SHCBP1 depletion did not influence the distribution of β-catenin in the nucleus (Fig. 3c) , Fig. 1 SHCBP1 mediates EGF activation of β-catenin signaling in NSCLC. a Western blotting assay of the nuclear and cytoplasmic extraction of 293T and A549 cells following EGF stimulation. b Relative luciferase activities of TOP/FOP dual-luciferase reporter determined to assess the effects of EGF (100 ng/ml) in both cell lines. c qRT-PCR performed to test the effects of EGF stimulation on β-catenin downstream genes in 293T and A549 cells. d Immunoprecipitation of FLAG-β-catenin in 293T cell lysates following EGF stimulation, and MS peptide sequencing identified SHCBP1 in the precipitate. e Effects of silencing SHCBP1 on cells treated with EGF, measured using TOP/FOP dual-luciferase reporter assay. f qRT-PCR performed to analyze the alteration of β-catenin downstream genes expression upon EGF stimulation without or with SHCBP1 depleted in A549 cells. g Immunoprecipitation assays to assess the interaction between β-catenin and SHCBP1 following EGF stimulation in 293T cells and A549 lung cancer cells. h Modified peptide pull-down assays were performed in 293T extraction using FLAG-β-catenin peptide, visualized by Coomassie staining (left panel), and incubated with SHCBP1-HA affinity agarose beads for 4 h at 4°C. Beads containing affinity-bound proteins were washed followed by immunoblotting analysis with an anti-FLAG antibody (right panel). i Immunoprecipitation assays to assess the interaction between SHCBP1 and β-catenin in response to EGF stimulation. j Immunoprecipitation assay show that the N terminal amino-acid sequence (1-428) of SHCBP1 specifically interacts with β-catenin. For b, c, *P < 0.05 vs. Vehicle; for e, f, *P < 0.05 vs. EGF + NC suggesting that SHCBP1 is likely to regulate β-catenin activity by post-translational modifications. Interestingly, of such post-translational modifications, tyrosine phosphorylation and lysine acetylation have been found to contribute to the modulation of β-catenin signaling, as supported by a previously reported study using the U87 glioma cell line showing EGF induced tyrosine phosphorylation of nuclear β-catenin [34, 35] , while our data found no change in the tyrosine phosphorylation of β-catenin in nuclear extracts of 293T and A549 cells but a remarkable enhancement of lysine acetylation in nuclear β-catenin immunoprecipitation in response to EGF stimulation (Fig. 3d) . As previous reports suggested that the histone acetyltransferases CBP contribute to the acetylation of nuclear β-catenin and its transactivation [26, 36, 37] , we further asked whether CBP was involved in our observed SHCBP1 mediation of EGF- e Total SHCBP1 in whole-cell lysates were detected at indicated time points upon EGF treatment. f SHCBP1 expression in NSCLC patients with or without EGFR mutation was analyzed (data from TCGA). g WB results showing nuclear translocation of SHCBP1 stimulated by EGF in HepG2 liver cancer, MCF-7 breast cancer, and KYSE410 esophageal carcinoma cell lines. h Effects of SHC1 depletion on relocation of SHCBP1 to the nucleus. i WB analysis determining the impact of Ras/Erk inhibitor (U0126, 10 µM) or PI3K/Akt inhibitor (LY294002, 20 µM) on nuclear translocation of SHCBP1 in 293T cells. j SHCBP1 nuclear translocation was analyzed by WB assay in the absence or presence of EGFR tyrosine kinase inhibitor gefitinib in two NSCLC cell lines with EGFR activating mutations, HCC827 and HCC4006 induced β-catenin acetylation and activation. As exhibited in Fig. 3e and Supplementary Fig. 3c , our data showed that EGF induced binding between CBP and β-catenin in nuclear extraction of 293T and A549 cells, while silencing SHCBP1 suppressed such a binding and attenuated lysine acetylation of β-catenin (Fig. 3f, g and Supplementary Figs . 3d, e), suggesting an important role for SHCBP1 in the CBP/β-catenin interaction. Moreover, modified in vitro peptide pull-down assays showed that SHCBP1 interacted with CBP directly (Fig. 3h) , and purified SHCBP1 protein significantly increased binding between CBP and β-catenin in a dose-dependent manner (Fig. 3i ), indicating that SHCBP1 may enhance the affinity between CBP and β-catenin. Furthermore, when ICG-001, which binds specifically to CBP, and blocks CBP/β-catenin interaction [38] , was applied, we found that it effectively repressed EGF-enhanced CBP/β-catenin interaction, β-catenin lysine acetylation, and β-catenin transactivation (Fig. 3j , k and Supplementary Figs. 3f, g). These data together suggested that the binding between CBP and β-catenin is important to EGF-stimulated activation of the β-catenin pathway.
SHCBP1 mediates EGF-induced stem cell-like properties of NSCLC cells in vitro
The previously well-established understanding that EGFstimulated EGFR signaling can induce and/or sustain cellular stemness under both physiological and cancer settings [39, 40] , together with aforementioned role of SHCBP1 in EGF-mediated β-catenin activation as evidenced in our current study we were prompted to examine whether SHCBP1 can be involved in regulating the EGF-triggered generation of CSCs in NSCLC. As shown in Fig. 4a-d and Supplementary Figs. 4a , b, we found that depletion of SHCBP1 remarkably repressed the cellular stemness enhancement caused by EGF stimulation, as revealed by reduced EGF-promoted formation of tumor spheres, expression of stem cell markers, and CD44/EpCAM double-positive as well as SP fraction. Also notably, our data showed that silencing SHCBP1 significantly reversed the EGF-mediated upregulation of Survivin, a direct CBP/β-catenin-regulated, anti-apoptotic gene known to be involved in the maintenance of CSCs properties [36, 38, 41, 42] , as well as drug resistance against Cisplatin (Fig. 4b , e, Supplementary Fig. 4b and Supplementary Table S1) . Meanwhile, we also observed similar results in NSCLC cells that express activating mutation-possessed EGFR, as knockdown of SHCBP1 remarkably suppressed tumor sphere formation capacity as well as activation of β-catenin signaling ( Fig. 4f and Supplementary Fig. 4c) .
Further, our above-mentioned finding that EGFR activation enhances the affinity between CBP and β-catenin as well as activation of the β-catenin pathway via SHCBP1 translocation prompted us to ask whether the binding between CBP and β-catenin is also important for the stem cell properties mediated by EGF. Our results demonstrated that the ICG-001 compound effectively suppressed EGFinduced formation of tumor cell spheres, expression of stemness markers as well as Survivin, drug resistance against Cisplatin (Fig. 4g, h, Supplementary Figs. 4d, e and Supplementary Table S2 ), suggesting that the CBP/β-catenin interaction is important for EGF induced stem cell-like phenotype in NSCLC.
Interestingly, we observed that upregulation of SHCBP1 per se led to nuclear redistribution and β-catenin activation as well (Fig. 5a, b) , and further experiments were performed to examine the significance of SHCBP1 upregulation in the development of cancer cell stemness. As shown in Fig. 5c e, Supplementary Figs. 5a , b, and Supplementary Table S3 , stable NSCLC cell lines expressing ectopic SHCBP1 displayed increased stem cell characteristics as evidenced by forming more and larger cellular spheres in suspension culture, elevated Survivin expression, and increased resistance to cisplatin. In contrast, NSCLC cell lines with SHCBP1 depleted displayed the opposite effects (Fig. 5c,  Supplementary Fig. 5a -d, and Supplementary Table S4 ). In cells expressing EGFR possessing activating mutation, namely, HCC827 and HCC4006, when treated with TKI, ectopic SHCBP1 expression also increased SHCBP1 nuclear translocation, tumor sphere formation, and TOP/ FOP activity, further suggesting that SHCBP1 overexpression-induced nuclear SHCBP1 elevation could also mediate activation of β-catenin signaling activation and increase the malignant properties of tumor cells independent of EGFR activation (Fig. 5f, Supplementary Fig. 5e, f) . Moreover, higher nuclear SHCBP1 was detected in NSCLC cells cultured in serum-free medium than in serumcontaining medium, as well as in CD44/ EpCAM doublepositive cells compared to the corresponding parental tumor cells (Fig. 5g, h ), suggesting an important role of nuclear SHCBP1 in CSCs regulation. In addition, we also found that ectopic expression of SHCBP1 stimulates EGF-induced CBP/β-catenin affinity as well as activation of the β-catenin pathway, whereas ICG-001 treatment could reverse the Fig. 3 Nuclear SHCBP1 facilitates the binding between β-catenin and CBP and is required for EGF-induced β-catenin transactivation. a Immunoprecipitation assays showing interaction between β-catenin and SHCBP1 in the nucleus upon EGF stimulation. b Immunoprecipitation assays detect the effect of gefitinib on interaction between nuclear SHCBP1 and β-catenin in HCC827 and HCC4006 cells. c 293T cells were transfected with SHCBP1 siRNA, followed by EGF (100 ng/ml) treatment for 30 min. Nuclear extracts were analyzed by WB. d Immunoprecipitation assay detect the tyrosine phosphorylation and lysine acetylation of nuclear β-catenin in 293T and A549 cells treated with EGF (left panel). The strip gray level was analyzed subsequently (right panel). *P < 0.05. e Interaction between CBP and β-catenin upon EGF treatment was determined by immunoprecipitation assays. f Immunoprecipitation assay performed to examine the effects of SHCBP1 depletion on binding between CBP and β-catenin upon EGF treatment. g Immunoprecipitation assay performed to examine the effects of SHCBP1 depletion on lysine acetylation of β-catenin upon EGF treatment. h Modified peptide pull-down assays demonstrate interaction between SHCBP1 and CBP in 293T extraction using Flag-SHCBP1-peptide, visualized by Coomassie staining (left panel), incubated with a 293T extraction and followed by immunoblotting analysis with an anti-Flag antibody (right panel). i 293T cell lysates with CBP-Flag ectopic expression were immunoprecipitated by antiFlag affinity gel. The products were incubated with purified β-catenin-GST protein (100 ng) and SHCBP1-HA protein at indicated concentrations for 2 h, washed for six times, and immunoblotted for Flag, GST, and HA. j Effects of ICG-001 on EGF-induced CBP/β-catenin interaction and lysine acetylation of β-catenin were analyzed using immunoprecipitation. k TOP/FOP dual-luciferase reporter assay was performed to analyze the effect of ICG-001 on β-catenin signaling activation driven by EGF. *P < 0.05 vs. EGF + Vehicle effects (Fig. 5i, j) . Consistently, ICG-001 treatment remarkably suppressed the stemness enhancement caused by SHCBP1 upregulation (Fig. 5k, l, Supplementary Figs. 5g, and Supplementary Table S5), suggesting that nuclear SHCBP1 regulates stemness properties in a CBP/β-catenin interaction-dependent manner.
SHCBP1-mediated cellular stemness promotes malignant phenotype of NSCLC in vivo
To determine whether the above described SHCBP1-mediated cellular stemness induced by EGF-EGFR signaling in vivo, we first examined the effects of ectopic SHCBP1 on the capability of human NSCLC cells to grow new tumors at low cell numbers in immunodeficient mice. We found that subcutaneous injection of as few as 5 × 10 2 A549 cells with ectopic EGF expression led to growth of tumors, whereas at least 5 × 10 4 control NSCLC cells were required to form a tumor (Fig. 6a) . Moreover, mice injected with NSCLC cells ectopically expressing EGF had a shorter tumor-free survival time than those xenografted with control NSCLC cells (Fig. 6b) . Notably, depletion of SHCBP1 markedly repressed the above alterations caused by EGF in vivo (Fig. 6a, b) . Taken together, these in vivo data suggest that EGF is indeed highly capable of promoting the cellular stemness of NSCLC, and that SHCBP1 serves as an essential mediator for this EGF-promoted generation of NSCLC stem cells.
To further characterize the effect of SHCBP1 on mediating NSCLC tumorigenesis, we examined the tumorigenicity of SHCBP-overexpressing NSCLC cells at low cell numbers, and found that inoculation of as few as 5 × 10 2 SHCBP1-A549 cells resulted in tumor growth at week 6. By contrast, at least 5 × 10 4 vector-control A549 cells were needed to form a tumor (Fig. 6c, d , and Supplementary  Table S6 ), altogether indicating that high-level SHCBP1 is able to promote NSCLC cell stemness and tumorigenesis ( Supplementary Fig. 6 ).
We next asked whether the in vivo effect of SHCBP1 was associated with its role as a modulator of CBP/β-catenin signaling and thus employed the ICG-001 compound to disrupt CBP/β-catenin binding in our animal experiments. As demonstrated in Fig. 6e, f) , ICG-001 effectively suppressed EGF-or high SHCBP1-induced tumorigenesis in vivo, further supporting that the CBP/β-catenin interaction is important for EGF/SHCBP1-induced stem cell-like properties in NSCLC.
Upregulation of SHCBP1 expression in human cancers
In support of its oncogenic role in NSCLC, SHCBP1 was significantly up-regulated in the eight NSCLC specimens as compared to the corresponding adjacent non-cancerous lung tissue, in both a large cohort of NSCLC patients collected in the TCGA dataset and a panel of NSCLC cell lines compared with primary normal lung epithelial (NLE) cells (Fig.  7a-c) . In addition to NSCLC, SHCBP1 was also widely upregulated in breast cancer, glioma and hepatocellular carcinoma (HCC), as shown by our analyses of the GEO datasets (GSE4290, GSE45114, and GSE29174) (Supplementary Fig. 7a ), suggesting that aberrant expression of SHCBP1 might be a common event in human cancers. Moreover, elevated SHCBP1 protein level was observed in all stages of NSCLC when compared with normal lung tissue, which displayed more prominently in the nucleus as evidenced by immunohistochemistry (IHC) in clinical specimens (Fig. 7d) . To further validate the clinical significance of SHCBP1 in NSCLC, clinical information collected from 207 NSCLC patients (Supplementary Table  S7 ) was analyzed, and as expected, we found that the SHCBP1 protein level positively correlated with NSCLC clinical staging (P < 0.001) and T-, N-, and M-classification (P < 0.001, P = 0.035, and p < 0.001, respectively) (Supplementary Table S8 ). Furthermore, Kaplan-Meier survival analysis showed that patients bearing lung tumors with low SHCBP1 expression survived longer (median survival time = 41.5 months) than those expressing higher levels of SHCBP1 (median survival time = 30.9 months) (Fig. 7e) . Consistently, Kaplan-Meier survival analysis of a larger cohort of NSCLC patients from the TCGA dataset (Supplementary Table S9 ) or online KMPLOT database also revealed that high SHCBP1 correlated with poor prognosis (Fig. 7f and Supplementary Figs. 7b-d) . And multivariate analysis of NSCLC patients from TCGA dataset showed that SHCBP1 might represent an independent prognostic marker for NSCLC (p = 0.035, hazard ratio: 1.338, 95% CI, 1.021 to 1.752, Supplementary Table S10). Further analysis using the GEO dataset (GSE8894) for recurrence-free survival (RFS) found that NSCLC patients in the high SHCBP1 expression group had shorter RFS than those in the low SHCBP1 expression group (Fig. 7g) . Similarly, high SHCBP1 also indicate a shorter RFS in breast cancer (GSE30682), another common cancer of epithelial origin, and liposarcoma (GSE30929), a malignant tumor of mesodermal origin (Supplementary Figs. 7e, f) . 50 assay was carried out to assess the drug cytotoxic of cisplatin on NSCLC cell lines when SHCBP1 was silenced in the presence of EGF. *P < 0.05 vs. EGF + Vector. f Dualluciferase reporter assay to assess the effects of SHCBP1 deletion on the TOP/FOP activity in HCC827 and HCC4006 cells. g Effects of ICG-001 on EGF-mediated increase of tumor sphere formation were analyzed. h IC 50 assay was carried out to assess the cytotoxicity of cisplatin when ICG-001 was used in the presence of EGF. *P < 0.05 vs. EGF + Vehicle Interestingly, as shown in Fig. 7h , patients bearing lung tumors with both EGFR activating mutation(s) and SHCBP1 upregulation usually had a worse prognosis. In addition, we also observed that in patients with EGFR activating mutation(s), the survival time was longer in the low-than in the high-SHCBP1 expression group, and was similar to that in the non-EGFR activating mutation group, clinically supporting the notion that SHCBP1 played an important role in EGF-mediated NSCLC malignancy.
Considering that nuclear SHCBP1 mediated EGFinduced β-catenin activation and cellular stemness, we further examined whether it was increased in NSCLC tissue. By using nuclear extraction and western blot assay, we detected far more nuclear SHCBP1 in NSCLC tumor tissues as compared with that in the corresponding adjacent noncancerous lung tissues (Fig. 8a) . Meanwhile, we found that patients bearing lung tumors with a high level of nuclear SHCBP1 had a shorter overall survival time, indicating that nuclear SHCBP1 could be a causative factor for tumor progression and represent a valuable biomarker for the prognosis of NSCLC (Fig. 8b) . By performing IHC assay and chi-square test in 50 NSCLC specimens, we found that tumors with higher nuclear SHCBP1 expression usually display higher level of β-catenin signaling downstream genes Axin2, Ccnd1, and Survivin as shown in Fig. 8c , suggesting that nuclear SHCBP1 played an important role in β-catenin activation in NSCLC. Consistently, GSEA analysis of a large cohort of NSCLC patients from TCGA dataset showed that high SHCBP1 expression related to β-catenin signaling activation (Fig. 8d) . In addition, we also found that SHCBP1 expression exhibited a positive correlation with stemness-related gene signature and a negative correlation with cell differentiation-related signature (Fig.  8e) .
Discussion
It is well established that in response to EGF stimulation, EGFR recruits scaffold protein SHC1 and consequently activates downstream signals, such as those mediated by Ras/Erk and PI3K/Akt pathways. This notion suggests a model in which SHC1 serves as a hub for its binding partners to trigger and/or transduce subsequent EGF-EGFR signaling and the downstream biological events. Along this context, Yong Zheng et al. [33] analyzed the timing of interaction between SHC1 and its binding proteins, and found that SHC1 first bound a group of proteins that activate cellular pro-mitogenic or survival signals and then switched to binding with proteins regulating cell invasion and morphogenesis. Interestingly, SHCBP1 had been previously found to specifically interact with the SH2 domain of SHC1 [43] , and of note, while most of these SHC1 binding partners displayed enhanced affinity with SHC1 following EGF stimulation, SHCBP1 was the only molecule dissociated from SHC1 in response to EGFR activation, raising the possibility that the released SHCBP1 might play a thus far unknown role distinct from other SHC1 binding partners in the transduction and regulation of EGF-EGFR signaling [33] . In our current study, we for the first time demonstrated that upon EGF induction, SHCBP1 translocates to the nucleus where SHCBP1 binds to β-catenin and augments transactivating activity of β-catenin, leading to enhanced NSCLC cellular stemness in a SHCBP1-dependent manner. Thus, our findings have not only revealed previously unknown significance of EGFstimulated release of SHCBP1 but more importantly also uncovered a new mode of crosstalk between the EGFR and β-catenin pathways and a novel mechanism involved in EGFR regulation of cancer cell stemness.
Notably, previous reports have shown that cytoplasmic activation of β-catenin can be regulated by EGFR signaling, leading to increased nuclear translocation of β-catenin through various extranuclear mechanisms, which either promotes release of β-catenin from the cytoplasmic membrane or accumulation of free β-catenin in the cytoplasm, or disrupts the β-catenin degradation complex so that more β-catenin enters the nucleus [21, 22, [24] [25] [26] [27] [28] [29] [44] [45] [46] [47] [48] . Whether and how EGFR signaling could influence the DNA binding function of intranuclear β-catenin so that transcription of specific genes is activated, however, essentially remains uninvestigated. Our present study revealed that EGFinduced nuclear translocation of SHCBP1 facilitates an interaction between nuclear β-catenin and CBP, thus resulting in increased acetylation of β-catenin and subsequently activated transcription of stemness-associated genes. This finding highlighted that EGFR regulation of Wnt/β-catenin signaling may also occur in the nucleus, Vector. e qRT-PCR quantifying Survivin expression in cells with SHCBP1 ectopically expressed. *P < 0.05. f TOP/FOP dual-luciferase reporter assay was performed to analyze the effect of ectopic SHCBP1 expression on β-catenin signaling activity in cells treated with gefitinib. *P < 0.05. g Level of nuclear SHCBP1 was determined in NSCLC spheres and non-sphere cells by WB. h CD44 + /EpCAM + cells sorted from both cultured NSCLC cell lines by flow cytometry and the expression of nuclear SHCBP1 was determined by WB compared to the corresponding parental cell lines. i Immunoprecipitation assays to determine the effects of ICG-001 on SHCBP1-mediated CBP/β-catenin interaction. j TOP/FOP dual-luciferase reporter assay was performed to analyze the effect of ICG-001 on activation of β-catenin signaling driven by ectopic SHCBP1 expression. *P < 0.05 vs. SHCBP1 + Vehicle. k Representative images of tumor cell spheres cultured with or without ICG-001 treatment when the SHCBP1 was over-expressed. l IC 50 assay was carried out to assess cytotoxicity of cisplatin on SHCBP1 over-expressed NSCLC cell lines in the presence of ICG-001. P < 0.05 vs. SHCBP1 + Vehicle suggesting a multi-level feature of the crosstalk between the two, i.e., EGFR and β-catenin, pathways.
Interestingly, our data showed that disruption of CBP/β-catenin interaction with the ICG-001 compound could abrogate the EGFR enhancement of β-catenin transactivating activity. ICG-001 is an inhibitor that specifically blocks CBP/β-catenin binding. Moreover, it was found to eliminate drug-resistant tumor-initiating cells and promote differentiation of chemotherapy-insensitive CSCs by inhibiting β-catenin signaling [36, 38, [49] [50] [51] [52] . PRI-724, as a second generation candidate drug of ICG-001, is currently under clinical evaluation for its anti-cancer efficacies against various types of solid tumors [36, 38, 52] . Our finding that ICG-001 effectively disrupts EGF-or SHCBP1-mediated CBP/β-catenin interaction and attenuates cellular stemness in NSCLC suggest that NSCLC patients with SHCBP1 upregulation might benefit from treatments of ICG-001. Thus SHCBP1 might represent a biomarking indicator for future clinical application of ICG-001 or its analog drugs. Our data presented in this report highlight a functional significance of SHCBP1 in mediating the crosstalk between EGFR signaling and β-catenin transactivation activity. The SHCBP1 gene, located in chromosome 16q11.2, is evolutionarily conserved across species spanning from insects to mammals [53] . Previously, high SHCBP1 expression was found in embryonic development but declined during cell differentiation, and waned off in g Kaplan-Meier analysis of recurrence-free survival in patients with lung cancer (GSE8894). h Kaplan-Meier analysis of overall survival of a cohort of 360 NSCLC patients (data from TCGA), divided into three groups according to EGFR mutation status and SHCBP1 expression adulthood [43, 54] , indicating a possibly essential role of SHCBP1 in maintaining the potential for stem cells to differentiate. Our current study revealed an aberrant upregulation of SHCBP1 in NSCLC and identified a correlation of upregulation of total as well as nuclear SHCBP1 with unfavorable outcomes for NSCLC patients, suggesting a potentially promising use of SHCBP1 as a clinically indicative biomarker for NSCLC prognosis. In support of this notion, interestingly, NSCLC patients who display both EGFR activating mutation(s) and SHCBP1 upregulation exhibit worse clinical outcome as compared with those with only EGFR activating mutation or SHCBP1 upregulation alone, suggesting a cooperative effect of EGFR activation and SHCBP1 upregulation on tumor progression. Moreover, we also found that SHCBP1 is generally up-regulated in multiple cancer types in addition to NSCLC, including glioma, HCC, and breast cancer, suggesting that upregulation of SHCBP is not an NSCLC-specific event but instead Fig. 8 SHCBP1 expression is associated with β-catenin signaling activity and CSCs properties in NSCLC. a WB analyses exhibit the nuclear SHCBP1 protein levels in eight NSCLC tumor specimens (T) and their paired adjacent non-cancerous lung tissue (N). b KaplanMeier analysis of overall survival of 207 NSCLC patients which were grouped according to nuclear SHCBP1 expression assessed by immunohistochemistry analysis. c IHC was carried out in paraffinembedded sections derived from 50 NSCLC patients. Correlations between nuclear SHCBP1 and Axin2, CCDN1 and survivin were analyzed by chi-squared test. d GSEA analysis to determine the correlation between SHCBP1 expression and β-catenin signaling activation. e GSEA analysis in TCGA NSCLC patients. Correlation between SHCBP1 and stemness-associated signature was identified and listed might be attributed to genetic or epigenetic mechanisms commonly active in various types of cancer. In such a context then, it is of noted that while the increased presence of SHCBP1 in the nucleus can be achieved by EGFR activation, as shown in our current data, mechanisms mediating the increase of total SHCBP1 remain unclear, warranting further studies to uncover molecules and the detailed molecular cascades via which the expression level of SHCBP1 is regulated.
In summary, this work has identified SHCBP1 as a new mediator for the crosstalk between EGFR and β-catenin signaling pathways and a new mechanism mediating the development and maintenance of NSCLC stem cells. Our data also support that SHCBP1 is a potential therapeutic target and prognostic biomarker for the disease. Future opportunity of developing anti-NSCLC strategies targeting SHCBP1/β-catenin/CBP interaction under different EGFR activity statuses is under investigation in this laboratory.
Materials and methods
Cell cultures
All tumor cell lines were obtained from the Cell Bank of Shanghai Institutes of Biological Sciences (Shanghai, China), Fu Erbo Biotechnology Co., Ltd (Guangzhou, China), or ATCC, and cultured as previously described [55] . Primary NLE cells were obtained and cultured in keratinocyte-SFM medium (KSFM) [55] . Authenticity of the cell lines was verified by short tandem repeat (STR) fingerprinting at the Medicine Laboratory of Forensic Medicine Department of Sun Yat-sen University (Guangzhou, China).
Tumor specimens from patients
Clinical tissue specimens were histopathologically diagnosed at the Sun Yat-Sen University Cancer Center from 2000 to 2004. The histological characterization and clinicopathologic staging of the cases were determined by following the standard provided in the current Union for International Cancer Control (UICC) Tumor-NodeMetastasis (TNM) classification. Each tumor and adjacent non-cancerous lung tissue pair was obtained according to our previous reports [55, 56] . Prior patients' consents and approval from the Institutional Research Ethics Committee were obtained.
Plasmids and transfection
The SHCBP1 expression plasmid was generated by PCR subcloning the human SHCBP1 coding sequence into the lentiviral transfer plasmid pSin-puro (Clontech, Palo Alto, CA) to generate plasmid pSin-SHCBP1. To deplete SHCBP1 expression, two human shRNA sequences (sh1: GCGATTCAGAGCCTATCAA;
sh2: CCA-TAGTGATCCATTGTCT) were cloned into the pSuperretro-puro plasmid to generate pSuper-retro-SHCBP1-sh1 and pSuper-retro-SHCBP1-sh2. Human EGF-coding sequence was subcloned into the lentiviral transfer plasmid to generate plasmid pSin-EGF. Retroviral and lentiviral production and infection were performed according to the manufacturer's instructions.
RNA extraction and real-time PCR
Total RNA extraction, reverse transcription, and real-time PCR were performed as described previously [55] . Primers were purchased from Invitrogen. The cDNA was acquired by using the GoScript™ Reverse Transcription Mix (Promega). All results were normalized for the expression of GAPDH, and relative quantification was calculated using the 2 −△△CT formula.
Immunoprecipitation and protein purification
Lysates were prepared from 3 × 10 7 293T cells transduced with Flag-tagged SHCBP1 or vector using lysis buffer. Lysates were then incubated with FLAG affinity agarose (Sigma-Aldrich, St Louis, MO) overnight at 4°C. Beads containing affinity-bound proteins were washed six times with immunoprecipitation wash buffer. Proteins were separated on SDS polyacrylamide gels stained with Coomassie blue, and all bands were subjected to mass spectrometry analysis. SHCBP1 and β-catenin protein purification was acquired by using immunoprecipitation and FLAG/HA competing peptides (MedChemExpress, Monmouth, NJ, USA) (see Supplementary Materials and Methods for details).
Western blotting analysis
Western blotting analysis was performed as described previously [55, 57] . The antibodies used are listed in Supplementary Information.
Luciferase reporter assay
Cells were seeded in triplicates in 24-or 48-well plates and allowed to settle for 24 h. Indicated plasmids plus 10 ng pRL-TK renilla plasmid was transfected into the cells using the Lipofectamine 3000 reagent (Invitrogen). Forty-eight hours after transfection, Dual-Luciferase reporter assays were performed according to the manufacturer's protocol of Dual Luciferase Reporter Assay Kit (Promega, Madison, WI). The reporter plasmids containing wild-type (CCTTTGATC; TOPflash) or mutated (CCTTTGGCC; FOPflash) TCF/LEF DNA-binding sites were purchased from Upstate Biotechnology (Lake Placid, NY).
Nuclear and cytoplasmic extraction
NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit (Thermo Scientific ™ Pierce, USA) was used and the assays were performed according to the manufacturer's instructions.
Primary sphere formation
Tumor spheres were cultured according to a previous report [58] . Cells were allowed to further grow for 10 days, and the numbers of spheres were microscopically counted. The sphere yields were calculated by the number of spheres derived from cells based on the initially plated 2500 cells.
IHC assays
IHC assays in 207 NSCLC tissues were performed by using primary SHCBP1 antibody (Abgent, San Diego, CA) and quantified according to our previous report [59, 60] . The degree of immunostaining of indicated proteins was evaluated and scored by two independent observers as previously described, scoring both the proportions of positive staining tumor cells and the staining intensities. Scores representing the proportion of positively stained tumor cells was graded as: 0 (no positive tumor cells), 1 (<10%), 2 (10-50%), and 3 (>50%). The intensity of staining was determined as: 0 (no staining); 1 (weak staining = light yellow), 2 (moderate staining = yellow brown), and 3 (strong staining = brown). The staining index (SI) was calculated as the product of staining intensity × percentage of positive tumor cells, resulting in scores as 0, 1, 2, 3, 4, 6, and 9. Cutoff values for high-and low-expression of protein of interest were chosen based on a measurement of heterogeneity using the log-rank test with respect to overall survival. The optimal cutoff was identified as: the SI score of ≥4 was considered as high expression, and ≤3 as low expression.
Animal studies
Female BALB/c-nu mice (5-6 weeks of age, 18-20 g) were purchased and housed in specific pathogen-free facilities on a 12-h light/dark cycle. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen University. At least five nude mice per group were used to ensure the adequate power and each mouse with different weight was randomly allocated. ICG-001 or vehicle has begun to be used 7 days after tumor cell injections in animals. ICG-001 (50 mg/kg) or vehicle (PBS) were intraperitoneally injected every 3 days for 3 weeks as described previously [50, 61] . For bioluminescent imaging assay, 15 min prior to imaging, mice were injected intraperitoneally (i.p.) with 150 mg/kg luciferin. Following general anesthesia, images were taken and analyzed with Spectrum Living Image 4.0 software (Caliper Life Sciences). Tumor growth was monitored weekly by in vivo imaging and photon radiance measurement, and the final monitoring was performed after 4 or 6 weeks after the injection. Bioluminescent imaging of primary tumors and metastases was performed in a blinded manner.
Statistical analysis
Sample size was determined by power analysis to achieve a minimum effect size of 0.5 with P < 0.05 and all sample sizes were appropriate for assumption of normal distribution. Variance within each group of data was estimated and was similar between compared groups. Data analysis was performed by two independent investigators who were blinded to the sample groups. All statistical analyses were performed using the SPSS 13.0 (IBM) statistical software package. The Kaplan-Meier method was used to establish survival curves. The statistical significance of various variables for survival was analyzed using the Cox proportional hazards model in the multivariate analysis. Correlation between SHCBP1 expression and T-, N-, Mclassification was analyzed using chi-square test. Comparisons between groups were performed with a two-tailed paired Student's t-test. In all cases, P < 0.05 was defined as statistically significant.
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